adding it in purified form. Similar experiments were also performed with serum albumin. After evaluating the hemorheological effects of fibrinogen and albumin individually, as well as in combination, it became also possible to deduce some information on the role of serum globulins.
In studying the interaction of these proteins with erythrocytes, the time dependence of viscometric data at low shear rate was analyzed in addition to the shear dependence of viscosity.
METHODS
Fresh heparinized blood samples from healthy human I. GREGERSEN and Surgeons, subjects, mongrel dogs, and the elephant were centrifuged, and the buffy coat was removed together with the plasma. For the preparation of Ringer suspensions, the erythrocytes were washed 3 times with Ringer solution and suspended in the latter containing various amounts of purified autologous fibrinogen (O-O.7 g/ 100 ml). When serum suspensions were to be prepared, a separate blood sample was obtained from the same subject and allowed to clot for the separation of serum. The erythrocytes from the heparinized blood sample were washed twice with Ringer solution, once with autologous serum and then suspended in a fresh portion of heparinized autologous serum to which various amounts of purified autologous fibrinogen (O-l 2 g/ 100 ml) had been added. All samples for Ringer and serum suspensions were adjusted to 45 & 1 % cells. The cell percentage was determined from the microhematocrit readings (15,000 X g for 5 min) corrected for fluid trapping (9). Human, canine, or elephant fibrinogen was isolated from fresh plasma and purified by fractional precipitation with ammonium sulfate (1). The purified preparation, which was more than 95 % clottable, was added to the Ringer solution or autologous serum to be used to suspend the autologous erythrocytes. Canine albumin was obtained from a commercial source (Mann Research Laboratories, New York City) and found to be more than 99% pure by electrophoresis.
The apparent viscosity of erythrocyte suspensions was determined in a modified GDM coaxial cylinder viscometer at 37 C (12). The samples were always thoroughly mixed immediately before measurement. A guard ring is present at the air-sample interface. The inner cylinder is rotated at a constant speed (N, from 50 to 0.01 rpm); whereas the outer cylinder, which rides on an air bearing, is held stationary by the torque (T, in dyne-cm) generated from an electronic feedback system (Dynamics Research Corporation, Stoneham, Mass.). The shear rate (3;, in set-l) is calculated as:
The shear stress (7, in dynes/crn2) is calculated as: In samples containing increased amounts of fibrinogen to cause extensive erythrocyte aggregation at low shear rates (N less than 0.1 rpm), the T and 7 values calculated by equations I and 2 may not represent the actual values because of the lack of homogeneity in the suspension. Under these circumstances it is more proper to speak of the relation between the recorded torque (T) and the rotational speed (N) rather than that between the shear stress and the shear rate, and the value V = 4.7 1 T/N is used instead of the viscosity.
The instead of shear rate. At high rotational speeds (above 1 rpm), when the suspensions were essentially homogeneous, the apparent viscosity is equal to V and the shear rate (in set-l) is equal to 1.04 N. However, such equalities may not hold at low shear conditions (especially below 0.1 rpm) for suspensions containing high fibrinogen concentrations to cause gross aggregation.
As shown in Fig. 1 , the addition of purified, autologous fibrinogen to serum suspension increased the viscosity as well as its shear dependence. When the fibrinogen concentration in the serum suspensions was raised to that present in the plasma (approximately 0.3 g/ 100 ml), the viscometric result was nearly the same as that obtained for the whole blood. This reversibility in rheological behavior attests to the purity and quality of the fibrinogen preparation.
With a further increase in fibrinogen concentration to nearly twice that present in the normal plasma, V was further elevated at rotational speeds above 0.1 rpm, but it became lower than that for the whole blood at speeds less than 0.05 rpm.
The influence of fibrinogen concentration on the viscosity of serum suspension;
at two selected shear rates (0.1 and 52 set-l) is shown in Fig. 2 , which includes data on 37 samples containing various amounts of fibrinogen. At a shear rate of 52 set-l, viscosity increases slightly with the rise in fibrinogen concentration. At 0.1 set-l, the viscosity increases markedly as the fibrinogen concentration is raised from 0 to 0.3 g/100 ml, but it tends to approach an asymptotic level of approximately 100 centipoises (cps) with further increases in fibrinogen.
Such viscometric data over a wide range of rotational speeds are shown in Fig. 3 . At 0.01 rpm, the increase of V with the initial rise in fibrinogen concentration is even steeper than that seen at 0.1 rpm; but after reaching a peak value at 0.2-0.3 g/100 ml fibrinogen, it decreases toward a low plateau. It is to be noted that, as the fibrinogen concentration is increased to above 0.6 g/100 ml, the values of V at 0.05, 0.02, and 0.01 rpm become nearly the same. As the rotational speed is reduced to below 1 rpm, there is an increasingly pronounced time dependence of the torque record, especially at high fibrinogen concentrations (see section 03) The peak torque value was used in Fig. 3 . When the decaying torque values are extrapolated back to zero time (13), the values of V for low speeds, e.g., 0.01 rpm, and high fibrinogen concentrations (above 0.3 g/100 ml) become higher than those shown in Fig. 3 , but the general shape of the curves are not changed.
The difference between viscosity values at 52 set-l and 0.052 se& divided by the viscosity at 52 set-l has recently been used to estimate the degree of shear dependence (D) over this shear rate range (42). As shown in Fig. 4A , the D value thus calculated increases with rising fibrinogen concentration and reaches a peak at 0.2-0.3 g/l00 ml fibrinogen.
With further increases in fibrinogen concentration, due to the decrease of viscosity at very low shear rates, the D value is reduced slightly from the maximum.
Since the decrease in viscosity at very high fibrinogen levels is limited to the lower shear rates, the shear dependence over medium shear rates (e.g., between 5.2 and 0.52 set-l) is not reduced by the high fibrinogen.
Therefore a modified method has been used to estimate the degree where ~5 2 and q. 52 are the viscosity values at 5.2 and 0.52 . . set-l, respectively.
As shown in Fig. 4B , the degree of shear dependence over this middle range of shear rates increases essentially linearly with fibrinogen concentration as the latter is raised from 0 to 0.3 g/100 ml. Further increases in fibrinogen concentration cause lesser rises in D', which tends to become constant with fibrinogen concentration above 0.6 g/100 ml.
The Casson plot (4) of the square root of shear stress (& versus the square root of shear rate (-&) has been used to estimate the yield stress of blood by linear extrapolation to zero shear rate (6, 13, 30 (Fig. 4) shows similar trends as the fibrinogen concentration is raised from 0 to 0.2-0.3 g/l00 ml. With further increases in fibrinogen concentration the values for D and TV, the calculation of which involves low shear data, tend to decrease ( Fig. 4A and 4C) ; whereas the D' value calculated from medium shear rates tends to remain constant (Fig. 4B) .
Although the extrapolated 7e from a narrow range of the Casson plot can be used to indicate the degree of shear dependence, it should not be construed as a true yield stress. The curves relating the square root of torque to the square root of rotational speed appear to go through the origin even for samples of serum suspensions containing high fibrinogen concentrations ( Fig. 5 ). Therefore the yield stress found for blood (or fibrinogen-serum suspensions) in other instruments (2, 3, 6, 29) cannot be demonstrated with a Casson plot applied to the present data. This lack of a yield stress may be related to the formation of cell-free layer near the cylinder surface which will be discussed below (see section IYE).
B) Effects of jib Gno g en on time dependence of uiscosity at low shear rate. When viscometric measurements are made on human blood in the coaxial cylinder viscometer with the rotor turning at a constant, low speed (equivalent to a shear rate of less than 1 set-l), the torque record obtained shows characteristic time dependence (12, 13, 26) . This time dependence becomes increasingly pronounced with reduction in shear rate, and 
-. which is maintained for approximately 0.4 min. Following this, the torque decays gradually to 70 % of the peak value over a period of approximately 3 min. In the absence of fibrinogen the serum suspension of 45 % human erythrocytes shows a markedly different time course. The initial rise time and the duration of the peak plateau are longer, and the decay is less pronounced.
The addition of purified fibrinogen to serum suspension (fibrinogen concentration G = 0.29 g/100 ml) shifts the torque-time curve toward that recorded for whole blood (4 = 0.30 g/ 100 ml). When the fibrinogen concentration is above the control value (6 = 0.57 g/l,00 ml), the initial rise time and the duration of the peak plateau are shortened, the decay is pronounced, and the torque shows a secondary rise (Fig. 6B) .
As shown in Fig. 7 , the initial rise time, the plateau duration, and the time taken for torque to decay to 70 % of peak value all vary inversely with the concentration of fibrinogen in the serum suspension. These effects of fibrinogen on the time dependence of low shear viscometry become saturated when the fibrinogen concentration is raised to approximately 0.6 g/100 ml. It is interesting that the influences of fibrinogen on the viscosity at low shear rates ( Fig. 9 . For any given shear rate, the viscosity curve for the Ringer suspensions is shifted to the right in comparison to that for the serum suspensions of canine erythrocytes (Fig. lOA) . Similar shifts are found in the shear dependence ( Fig. 1OB ) and time dependence (Fig. 1OC ) of viscosity, with the timedependence curve for the Ringer suspension showing a rising phase as fibrinogen is raised from 0 to 0.2 g/l 00 ml. Thus all three curves for serum suspensions are located to the left of the corresponding curves for Ringer suspensions, and the horizontal distance corresponds to approximately 0.3 g/ 100 ml fibrinogen.
Therefore, the presence of serum proteins exerts an additional influence on the rheological behavior of canine erythrocytes, and this additional influence is equivalent to that exerted by approximately 0.3 g/ 100 ml of fibrinogen.
In other words, if the serum containing any amount of fibrinogen is replaced by a Ringer solution containing the same amount of fibrinogen plus 0.3 g/ 100 ml, the rheological behavior of the erythrocyte suspension will be essentially unchanged (Fig. 10) . That the fibrinogenlike hemorheological effects of serum proteins are mainly due to globulins rather than albumin is demonstrated by the finding that the rheological behavior of canine erythrocytes in Ringer-albumin (4 g/100 ml) is not markedly different from that of canine erythrocytes in Ringer solution (Fig. 10) . Furthermore, the addition of albumin alone (up to 6 g/100 ml) has very little effect on the viscosity of Ringer suspension or its shear and time dependencies (Fig. 11) . These conclusions are in agreement with the findings that the addition of globulins to erythrocyte suspensions is effective in raising blood viscosity and shear dependence (32, 44) . When various low shear data are considered (Figs. 10 and 1 l) , the presence of 4 g/100 ml (0.6 mM) serum albumin is probably equivalent to the action of no more than 0.03 g/100 ml (0.9 X 10e3 mM) fibrinogen, giving a molar equivalence ratio of 1.5 X 10e3 to 1 (i.e., 1 mole of albumin is equivalent to 1.5 X 10e3 moles of fibrinogen).
On the other hand the 3.2 g/100 ml globulins in canine serum are equivalent to approximately are shown. Significant changes from control (Student t test P < 0.05) were found for viscosity at 0.1 set-l and initial rise time when albumin concentrations were raised to 4 and 6 g/100 ml. 0.3 g/ 100 ml of fibrinogen. If the mean molecular weight of the globulins is taken as 173,000 (18), then 0.19 mM of globulins is equivalent to 0.9 X 10m2 mM of fibrinogen, giving a molar equivalence ratio of 4.7 X 10V2 to 1. In Fig. 12 Since the serum globulin pattern differs among animal species (42), an interspecies comparison of rheological data of serum-fibrinogen suspensions can help to identify the globulin fraction that exerts the greatest fibrinogenlike action. When purified fibrinogen is added to elephant serum suspensions, only the saturation portion is seen for the viscosity curves as well as for the shear-and timedependence curves ( Fig. 13) , suggesting that the fibrinogendependent segments of the curves have been covered by the proteins in elephant serum. This greatest fibrinogenlike action of elephant serum protein is associated with 1 the existence of high concentrations of @-and al-globulins (Table 1 It was added to suspensions of erythrocytes in serum as well as in Ringer, and its addition to serum suspensions quantitatively restored the viscometric behavior of the original whole blood. Furthermore, electrophoretic studies have shown that the purified fibrinogen occupies the same position as native plasma fibrinogen (Fig. 14) . Finally, when the purified fibrinogen preparation is labeled with radioiodine and injected for in vivo turnover studies (15), its metabolic behavior indicates that there is no detectable denaturation of the molecule. (Fig. 10) indicates that serum globulins possess a significant fibrinogenlike action, and in normal canine serum this action exerted by the globulins is equivalent to the existence of approximately 0.3 g/100 ml fibrinogen. The addition of further quantities of purified fibrino- 14. Tracings from densitometric records (Analytrol, Beckman/ Spinco, Palo Alto, Calif.) of electrophoretic patterns of human plasma (P), serum (S), and serum samples to which purified fibrinogen had been added (curves I and 2). Fibrinogen concentrations in these samples were determined and given in chart (g/100 ml).
gen to serum suspensions does not markedly alter this fibrinogen equivalence of serum globulins, indicating that the hemorheological effects of fibrinogen and globulins are essentially additive.
A comparison of the rheological behavior of serum fibrinogen suspensions in man, dog, and elephant suggests that &-and cyl -globulins exert strong fibrinogenlike actions ( Fig. 13 and Table 1 ). Therefore, the larger plasma proteins (fibrinogen and globulins)
can increase the shear dependence and time dependence of blood viscosity, whereas the smaller plasma protein (albumin) has little effect. The fibrinogen equivalence in hemorheological action can be correlated with the molecular weight of the plasma proteins (Fig. 12) . Because of the heterogeneity of the globulins and the weakness of the hemorheological effect of albumin, the data shown in Fig. 12 involve some uncertainties and the exact quantitative relationship between the fibrinogen equivalence and the molecular weight (preferably molecular size) of proteins requires further studies on purified globulin
fractions. An increase in hemorheological effect with rising molecular weight has also been shown with plasma expanders, including dextrans. High molecular weight dextrans (molecular weight similar to that of fibrinogen) cause increases in the shear dependence (24, 25, 28) and time dependence (26) of blood viscosity. These effects decrease progressively as the molecular weight of the dextran is reduced. C> Relation between ery throcy te aggregation and hemorheology . It has been known for a long time that fibrinogen causes erythrocyte aggregation to form rouleaux (20) . Recent studies have shown that the aggregate size varies with the fibrinogen concentration in a similar manner as does the suspension viscosity (11). Fibrinogen has been found to be adsorbed onto the surface of the erythrocyte membrane (34, 41). Because of the molecular length of fibrinogen (650-700 A) (18, 27) , it is possible that adsorption of the ends of the same fibrinogen molecule to two adjacent erythrocytes may bridge the negatively charged surfaces of the erythrocytes without significant electrical repulsion, resulting in the formation of rouleaux.
The relative inabil-CHIEN, USAMI, DELLENBACK, AND GREGERSEN ity of albumin to bring erythrocytes together as rouleaux (11) (17, 20) . The dependence of rouleaux formation on the molecular weight of dextrans (40) not only lends support to the above hypothesis for rouleaux formation, but also indicates that the adsorption of macromolecules onto the erythrocyte surface is not due to electrical attraction, since the dextrans are electrically neutral. Whatever the force that causes the adsorption of fibrinogen or other macromolecules to erythrocytes, it is relatively weak and can be overcome by shear stress. An increase in shear stress disperses the rouleaux, which are formed again when the shear stress is reduced (11, 39) . From viscometric data (5, 13) and direct microscopic observation (39), it appears that erythrocytes in normal blood become monodispersed at a shear rate of approximately 200 se@ or a shear stress of the order of 5 dynes/cm2.
It is interesting that maximal deformation of erythrocytes can also be achieved at such shearing conditions (10). Hence, when the erythrocytes are completely disaggregated by high shear, they are also maximally deformed and further increases in shear rate above 200-300 set-l would not reduce blood viscosity, which results in a Newtonian regime over these high shear rates.
The influence of rouleaux formation on suspension viscosity may not necessarily be due to the size of the rouleaux per se. Between the adjacent erythrocytes, a certain amount of suspending medium may be trapped during rouleaux formation (7, 47), thus increasing the effective volume percent occupied by cells. Furthermore, the deformability of erythrocytes becomes limited when the cells unite to form rouleaux.
As pointed out in the accompanying paper (lo), a reduction in particle deformability would tend to immobilize a portion of the adjacent medium (23, 47) and increase the effective volume percent occupied by the suspended particles.
Finally, the increase in axial ratio with rouleaux formation would further tend to immobilize fluid and increase the effective cell percentage (23). Therefore, the increase in suspension viscosity following rouleaux formation may be related to an increase in the effective cell volume percent due to fluid immobilization. cell percentages has been discussed previously (11, 12, 42) . With normal and low cell percentages, the viscosity of protein-free suspensions shows a low degree of shear dependence, and the major factor for shear dependence of blood viscosity at these cell percentages is the sheardependent aggregation of erythrocytes (Fig. 15 ). As the cell percentage is raised to above normal, however, cell-tocell interaction increases in probability and shear-dependent erythrocyte deformation assumes increasing importance. Figure 15A shows For the circulation in vivo, the above discussion on the relative importance of the two major mechanisms in causing shear dependence applies primarily to vessels with flows slow enough and diameters large enough for aggregation to occur, e.g., the venules.
In the smallest vessels, i.e., capillaries, where erythrocytes must pass as individual cells, erythrocyte deformation becomes the predominant factor (10). In large arteries and veins the normal shear rate is probably also too high (8) (Fig. SC) . With further increases in fibrinogen, as the rouleaux size increases further (1 1), the effect of the resultant cell-free layer and/or rouleaux orientation also become more prominent (13, 23) . Thus with further increases in fibrinogen to above 0.3 g/100 ml, the decay of torque is so rapid that it shortens the initial rise time (Fig. SC) . In serum suspensions of erythrocytes, the serum globulins already constitute the hemorheological equivalence of 0.3 g/ 100 ml fibrinogen, any further addition of fibrinogen would only shorten the initial rise time (Fig. 7A) . The twophase separation in blood samples with strong aggregation, i.e., a cell-rich annulus bracketed by cell-free layers, may also explain other rheological findings at low shear conditions. Thus, the decrease in V at 0.01 rpm when the fibrinogen concentration in serum suspensions is raised from 0.3 to 0.6 g/100 ml (Fig. 3) may be attributed to an increase in the degree of two-phase separation with widening of the cell-free layer. Furthermore, in samples with a given fibrinogen concentration, the degree of two-phase separation is increased as the rotational speed is reduced, and this may account for the absence of a measurable yield stress (Fig. 6) 
